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Titanium disilicide (TiSi2) is widely used as a low resistivity contacts in CMOS devices. 
TiSi2 may exist as metastable C49 phase (with a resistivity of 60-70 µΩ cm) or as the 
stable C54 phase (with a lower resistivity of  15-20 µΩ cm). The C49 phase usually 
forms first at a RTA temperature of 550-700 oC. After a second RTA at higher 
temperatures of 750-850 oC, the C49 phase completely transforms to the stable C54 
phase. C54 TiSi2 is the desired phase for Integrated Circuits (IC) fabrication because it 
has a better thermal stability as compared to the C49 phase. However, it has been 
reported that the kinetics of the C49 to C54 transformation in TiSi2 are adversely affected 
as the line width of the silicided region decreases. Due to this so called narrow line effect, 
the transformation to C54 phase on narrow poly-silicon lines requires very high annealing 
temperature, which results in severe problems like punch through and agglomeration.  
 Recently, significant breakthroughs have been made such that the C54 phase is 
formed from a C40 phase template, completely bypassing the C49 phase. There are a few 
methods of achieving this new phase of C40 TiSi2. The first method is by implanting a 
small amount of Mo ions into the Si substrate prior to Ti film deposition. The second 
method was by depositing a thin layer of Mo or Ta respectively between the Ti film and 
the Si substrate. The third method was achieved by using a laser annealing process.  
In this work, the promotional effect of this laser induced refractory-metal free 
C40 phase on the formation of C54 phase was studied using µ-Raman spectroscopy and 
glancing angle XRD (GAXRD). The crystal structure of this C40 phase was investigated 
by GAXRD for the first time. The result has shown that the laser induced C40 phase has 
a hexagonal structure with the P6222 space group and having lattice parameters 
a=0.467nm and c=0.622nm.  
 vi
In addition, we also discuss the thickness effect of refractory-metal free C40 
TiSi2, induced by two different types of lasers, on the formation temperature of C54 
TiSi2. It has been found that the thicker C40 TiSi2 requires a very high temperature of 
around 1000oC for 5 mins and an activation energy of 6.5 eV for the formation of the 
stable C54 TiSi2 whereas a thinner C40 TiSi2 requires a low annealing temperature of 
700oC for 1 min and an activation energy of 2.5 eV for it to transform into C54 TiSi2.   
My work has provided some insights on the C40 to C54 transformation which 
have not been discussed. Many groups have discussed about the promotional effects of 
C40 to C54 transformation but no group has discovered the undesirable effects of C40 
TiSi2 to C54 TiSi2 transformation. Based on the results achieved, we hope to provide 
awareness of the thickness issue of C40 phase on its transformation into the C54 phase, if 
it is going to extend in future IC fabrication. 
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Metal silicides have attracted scientific curiosity and attention since Moissan developed 
the electric furnace [1]. He was possibly the first to systematically prepare various 
silicides at the start of the 20th century. Investigations concerning silicides [2-7] can be 
grouped in the following major categories: (a) studies stimulated by the high-temperature 
stability of many refractory silicides, (b) studies aimed at understanding the physical 
properties of silicides in terms of the electronic and crystal structure of the elements and 
compounds, (c) studies of silicides as Schottky barriers and ohmic contacts in the 
integrated-circuit technology, and finally and more recently, (d) studies of silicides as the 
low-resistivity metallization for gates and interconnects. 
  The primary thrust of Ultra Large Scale Integration (ULSI) has resulted in devices 
that are smaller (large packing density and hence increased complexity on the chip) and 
faster and that consume less power. The continued evolution of smaller and smaller 
devices has aroused a renewed interest in the development of new metallization schemes 
for low-resistivity gates, interconnections, and ohmic contacts. This interest in new 
metallization arises because as the device sizes are scaled down, the line-width gets 
narrower and the sheet resistance contribution to the RC delay increases. With the 
currently available polysilicon sheet resistance of 30 to 60 Ω/sq, the advantages of further 
scaling are offset by the interconnect resistance at the gate level. Table 1.1 lists the 
properties that disqualify most metals, for one reason or another, as direct replacements 
for polysilicon. Aluminum [3], tungsten [8, 9] and molybdenum [8, 9] are notable among 
the metals proposed for gate and interconnect metallization. The use of aluminum, 
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however, requires all processing of the devices to be limited to very low temperatures, 
preferably below 500 ºC because the melting point of aluminum is around 660 °C.  The 
use of the refractory metals such as tungsten and molybdenum requires complete 
passivation of these metals from oxidizing ambients, deposition by means that will not 
lead to unwanted traps in the gate oxide, and reliable etching of the metals for pattern 
generation. The uncertainties associated with the stability of these metal films have led to 
a search for alternatives. 
 
Table 1.1. Properties That Make Metals Unsuitable for ULSI Application 
 
Undesirable Property       Metal 
 
Low eutectic temperature (<800 ºC) Au, Pd, Al, Mg 
Medium eutectic temperature (800-1100 ºC) Ni, Pt, Ag, Cu 
High oxidation rate, poor oxidation stability Refractory metals; 
  rare earth; Mg, Fe, Cu, Ag 
Low melting point Al, Mg 
Interaction with SiO2   Zr, Ti, Ta, Nb, Mga, Ala 
Poor etchability      Pt, Pd, Ni, Co, Mg, Al 
Electromigration problems     Al 
 
a  Interact with SiO2 to form metal oxide which (self) limits the further interaction. 
 
  
 The silicides have attracted attention because of their low and metal-like 
resistivities and their high temperature stability. The use of silicides, with resistivity 
about one-tenth (or lower) of the polysilicon, will certainly improve the speed of the 
circuits. Silicides are also attractive for gate and interconnection metallization for the 
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following reasons: expected higher electromigration resistance, and the possibility of 
forming silicides directly on the polysilicon, thus preserving the basic polysilicon MOS 
gate, while decreasing the resistance. 
  Scaling down the size of the device also means reduced junction depths, which 
can lead to contact problems. In particular, shallow junctions limit the use of aluminum 
due to its known penetration in silicon. Forming silicides in the contact windows by 
reaction between the silicon substrate and a thin metal layer offers a possibility of 
forming contacts with lower contact resistances. The possibility of using deposited 
silicides directly into contact windows offers the advantage of preserving shallow 
junctions, which may be penetrated by a conventional silicide formed by reacting metal 
with the silicon. 
  Besides the desired low resistivity, the usefulness of the silicide metallization 
scheme depends on the ease with which the silicides can be formed  and patterned  and 
on the stability of the silicides throughout the device-processing and during actual device 
usage. Table 1.2 lists the desired properties of a silicide for use in integrated circuits. 
Silicides used to produce gates and interconnections must satisfy all these requirements 
but all silicides do not have these characteristics. Silicides used for contacts, however, do 
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Table 1.2. Desired Properties of the Silicides For Integrated Circuits 
 
1. Low resistivity 
2. Easy to form 
3. Easy to etch for pattern generations 
4. Should be stable in oxidizing ambients; oxidizable 
5. Mechanical stability; good adherence, low stress 
6. Surface smoothness 
7. Stability throughout processing, including high temperature sinter, dry or wet 
oxidation, passivation, metallization 
8. No reaction with final metal, Aluminum 




1.2 TiSi2 - The Ideal Silicide  
Table 1.3 shows the properties of some metal silicides. TiSi2, CoSi2 and NiSi have the 
lowest resistivity (< 20 µΩ-cm) among other silicides, and thus are the three most 
promising silicides for semiconductor device fabrication industry. Titanium disilicide 
(TiSi2) is one of the most promising materials for sub-quarter micron ultra-large scale 
integration (ULSI) because it also exhibits good chemical stability, self-passivation 
property in oxygen, and good selective formation when using the salicide process. 
Furthermore, its ability to withstand high temperature treatment without changing phase 
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Table 1.3. Properties of metal silicides 
Silicide Resistivity  
(µΩ-cm) 





C54-TiSi2 12-20 1540 ~ 950 
CoSi2 14-20 1326 ~ 900 
NiSi 14-20 --- ~ 700 
PtSi 28-40 1229 ~ 800 
TaSi2 35-60 2200 ± 100 > 1000 
WSi2 30-70 2165 ± 15 > 1000 





Device scaling has posed much challenges to current SALICIDE processing. Feasible 
SALICIDE scheme(s) must be present in order to meet critical demand such as low and 
well controlled sheet resistivity, minimal gate-to-source / drain current leakage, as well as 
low junction leakage. During the development of the SALICIDE process window, it is 
important to understand and control the reaction sequences that lead to the formation of 
low resistivity TiSi2. In this aspect, a characterization tool that allows fundamental 
understanding is important. Micro-Raman spectroscopy is one such example since it 
provides structural information of the material that is being studied. 
Raman spectroscopy has been commonly applied to the characterization of 
semiconductor materials. Important advantages contributing to its popularity are (a) no 
sample preparation is required, (b) non-destructiveness, and (c) good spatial resolution in 
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the case of micro-Raman. However, application of micro-Raman to study silicide 
formation and transformation is very scarce. 
Overall, the onus here is to investigate and improve the SALICIDE process for 
deep sub-micron IC fabrication by using laser annealing.  
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2.1 Basic Properties of TiSi2 
Titanium self-aligned silicide (SALICIDE) is one of the promising and desirable 
technologies for deep sub-micron devices. Titanium disilicide usually exists in two 
different crystallographic phases [1] (Fig. 2.1): the orthorthombic face-centered C54 
phase with low resistivity (13-20 µΩ cm) and the orthorthombic bace-centered C49 phase 
with high resistivity (60-90 µΩ cm). The letter 'C' in C54 and C49 means that the 
molecule consists of three atoms (one Ti and two Si). The C49 TiSi2 is known to be 
highly faulted [2, 3]. The phase diagram of the Ti-Si system indicates that at the 
composition Ti 0.33 and Si 0.66, i.e. TiSi2, the compound crystallizes in the C54 phase 
[4]. In fact, recent calculations by F. Bonoli et al. [5] show that the heat formation of C54 
TiSi2 is slightly lower than that of C49 TiSi2 indicating that C54 TiSi2 is the stable phase 
of Titanium disilicide, while C49 TiSi2 is a metastable phase, and will subject to phase 
transition on heat treatment at high temperatures. Hence, the desirable phase for the 
metallisation of the integrated circuits is the low resistivity and stable C54 phase. Various 
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Table 2.1 Basic properties of the two phases of TiSi2. 
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2.2 Self-Aligned Silicide (Salicide) 
A self-aligned silicide process is illustrated in Fig. 2.2. A blanket film, Ti, is deposited in 
the first step typically by sputtering. In the second step (silicide formation step), the 
deposited film is thermally reacted at 620 to 680 °C in a N2 ambient to form silicide films 
on gates and S/D areas.  Silicide is formed, in principle, only where the metal is in 
contact with Si. A high resistivity metastable TiSi2 phase (60 to 90 µΩ cm) with C49 
crystal structure is observed to form first [8-12]. Since the silicide forms by the reaction 
between the metal and Si, silicide is not formed on top of the isolation or gate sidewall 
spacer. The nitrogen ambient is used to prevent excessive Si diffusion and silicide 
overgrowth into isolation and spacer that would lead to electrical shorts or leakage in the 
completed device (bridging). In the third step, unreacted metal films (and TiN) are 
removed in a selective wet etch, leaving only silicide films on gate and Source/Drain 
(S/D) areas. Finally, another thermal step at a higher temperature of 800-850 °C (silicide 
anneal step) is used to transform the silicide films from the TiSi2 C49 to the C54 phase 
and reduce the sheet resistance by a factor of five [8-12]. It is essential that during this 
anneal step the films transform completely to the low resistivity phase, in order to 
achieve low sheet resistance and meet device performance requirements. Rapid thermal 
processing (RTP) is typically used for the formation and anneal steps, and the process de-
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Figure 2.2 Salicide process flow. Step 1: Blanket metal deposition (Ti). Step 2: A high 
resistivity silicide film (C49 TiSi2) is formed on gate, source and drain areas by thermal 
reaction between the Ti film and underlying Si. Step 3: A wet etch is used to selectively to 
remove  TiN and unreacted metal films. Step 4: A higher temperature anneal transforms 
the films to the low resistivity phase (C54 TiSi2), with a 5 to 10 fold decrease in sheet 
resistance. 
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2.3 Processing Issues 
The two most important processing issues in self-aligned silicides: (1) the forming of a 
bridge between gate and S/D and (2) the narrow line width effects on the C49 to C54 
Transformation of TiSi2; are discussed in the following section. 
 
2.3.1 Formation of Bridge between Gate and Source/Drain  
The formation of a bridge between the gate and S/D is most apparent for the formation of 
TiSi2. Figure 2.3 illustrates the formation of TiSi2 along the sidewall of the gate, resulting 
in a short between the gate and the S/D. The mechanism for this is “Si pumping” during 
the formation of TiSi2. During silicide formation of TiSi2, Si is the moving species, which 
diffuses into the Ti metal, as shown in Fig. 2.3b. As a result, TiSi2 formation is no longer 
confined to where the Ti metal contacts Si. Naturally, the extent of bridge formation is 
determined by the temperature and time of the sintering process. Unfortunately, at least 
600 °C is needed to cause Ti to react with Si for TiSi2 sintering and at this temperature 
extensive diffusion of Si in Ti already occurs. This problem can be reduced by processing 
in a nitrogen ambient and using RTP [13-15]. Within a finite temperature range between 
620 and 680 °C, nitrogen can diffuse into the Ti metal before extensive diffusion of Si 
occurs and stop the “Si pumping,” as depicted in Fig. 2.3c. At temperatures higher than 
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Figure 2.3 “Bridging” during the formation of Ti salicide: (a) TiSi2 bridges over sidewall 
spacer and a short circuit is formed between S/G and D/G; (b) during TiSi2 formation, Si 
diffuses into Ti to form TiSi2; under favourable conditions Si can diffuse a long distance 
and form TiSi2 on the sidewall spacer; (c) in a nitrogen atmosphere, nitrogen diffuses into 
Ti and blocks the diffusion of Si, reducing or eliminating bridging; TiN and/or Ti-O-N 
are formed on top of TiSi2. 
 
 
2.3.2 Narrow Line Width Effects on the C49 to C54 Transformation of TiSi2 
It has been widely reported that the kinetics of the C49 to C54 phase transformation in 
TiSi2 are adversely affected as the line-width of the silicided region decreases [16, 17]. 
This so-called narrow line effect occurs for thin TiSi2 films because the C54 phase 
nucleates preferentially at C49 triple grain intersections [18].  Figure 2.4 shows the C54 
phase nuclei allocated at triple C49 grain intersections.  
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            Figure 2.4 C54 nuclei at the C49 triple grain intersections. 
 
 
The transformation of the high-resistance C49 phase TiSi2 to the low-resistance 
C54 phase TiSi2 was found to be the limiting factor [16]. After the first RTP, small-
grained (0.1 to 0.2 µm) C49 TiSi2 was formed on both wide (> 10 µm) and narrow (0.4 
µm) polysilicon lines. After a second RTP at 725 °C anneal, the TiSi2 on the wide 
polysilicon lines transformed to large grained (1 to 10 µm) C54 phase. However, on 
narrow lines only smaller-grained (< 1 µm) C54 TiSi2 was observed, and only on a few 
lines. At a higher-temperature (775 °C) anneal, C54 phase was formed on both wide and 
narrow lines. At 800 °C, TiSi2 started to agglomerate, and the line resistance rapidly 
degraded. 
A nucleation density model was proposed to explain these effects [18]. The model 
is based on the observations that (i) the C54 phase nucleates preferentially at triple grain 
boundaries of the C49 phase [18], (ii) the number of triple points and consequently of 
sites available for heterogeneous nucleation of the C54 phase depends strongly on line-
width and C49 grain size (λ) (Figure 2.5). If the line-width is smaller than the C49 grain 
size, there are no triple grain boundaries and the silicide films cannot transform to the low 
resistivity C54 phase. For larger line-widths or smaller C49 grain size, the density of 
triple grain boundaries increases and the silicide films transform more easily to the C54 
phase. 
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(a) If the C49 grain size (λ) is larger than the line-width (L) there are no triple 
grain boundaries and no C54 nucleation sites. The line cannot transform  to the 







(b) For L>λ, C54 nuclei form in some of the triple grain boundaries and the    
silicide can transform to the C54 phase achieving low sheet resistance.  
 
Figure 2.5 The nucleation density model for the TiSi2 C49 to C54 phase transformation. 
 
2.3.3 Solutions 
As discussed in the previous section, 2.3.2, C49 to C54 phase transformation is through a 
nucleation controlled process that requires abundant nucleation sites predominantly 
located at the triple point of C49 grain boundaries. Consequently, the transformation to 
C54 TiSi2 using RTA is extremely difficult on polysilicon lines less than 0.25 µm in 
width because there are insufficient triple points of C49 grain boundaries to facilitate the 
formation of the C54 phase. As such, intensive efforts have been focused on the reduction 
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of C49 TiSi2 grain size, with a large variety of methods. Among the various attempts, two 
kinds of methods are proven to be capable of enhancing the C54 phase formation 
effectively and consistently, i.e. pre-amorphization implantation (PAI) of Si by Xe [19] 
or As [20], and implantation through metal (ITM) [21]. Kittl et. al. demonstrated that with 
optimal PAI conditions, C49 grain can be as small as 0.07 µm and the application of 
TiSi2 can be extendable to 0.1 µm features without obvious increase in sheet resistance or 
formation temperature [22].  
Although PAI and ITM are effective in the enhanced formation of C54 TiSi2 and 
has currently widely been applied in IC industry, both methods require additional ion 
implantation to amorphize the Si surface, which increases the process complexity. 
Moreover, the implanted interstitial ions generate transient enhanced diffusion (TED), 
leading to the degradation of surface doping concentration, junction doping profile, and 
the consequent increase of contact resistance, series resistance and decrease of drive 
current [22], especially when the upcoming ultra shallow junctions are used. The above 
drawbacks severely limit the scalability of the PAI and ITM processes in future IC 
fabrication. 
 
2.4 Recent Developments in TiSi2 formation 
Because of the processing issues listed in section 2.3, the use of salicide for 0.25 µm and 
smaller devices requires considerable process development and in some cases new 
processes have to be used. The salicide process, however, delivers unique advantages for 
logic and MPU (microprocessor unit) circuits at low cost. Continued scaling of devices 
will demand even more development work for this difficult process. 
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 Several efforts have been made to seek for alternative ways to form C54 TiSi2 
without passing through C49 phase. This is much desired since C49-C54 transformation 
becomes very difficult as the technology moves toward the sub-micron region. 
Significant breakthroughs have been made recently in the formation of C54 phase 
through a new phase C40 phase, completely bypassing the C49 phase. There are a few 
methods of achieving this new phase of C40 TiSi2. Mann et al. [23] and Kittl et al. [24] 
have shown that the C40 phase acts as a template allowing the direct formation of C54 
phase at a much lower temperature of around 700oC. In their methods, a small amount of 
Mo ions were implanted into the Si substrate prior to Ti film deposition. The second 
method was discussed by Mourous et al. from the Royal Institute of Technology in 
Sweden [25] and Via et al. [26] from an Italy group. They have also shown that C40 
phase could be formed by depositing a thin layer of Molybdenum (approximately 1nm in 
thickness) or Tantalum (1.9x1015 and 4.5x1015 atoms/cm3) respectively between the Ti 
film and the Si substrate. On annealing at around 650 oC, a layer of C40 (Ti, Mo)Si2 
ternary phase was formed at the Ti and Si interface, which acts as a template, allowing 
the direct growth of C54 TiSi2 on top. This method had reduced the formation 
temperature by 100-150 °C as compared to the conventional method and at the same time 
bypassed the C49 phase. 
  However, such C54 TiSi2 formation process also brings about several other issues: 
implantation of metal ions into substrate Si is not a desirable process since it would easily 
cause substrate damage, junction leakage, as well as gate oxide integrity degradation. 
Moreover, the implantation of the refractory metal itself is extremely difficult. While the 
deposition of Mo less than 1 nm in thickness is hard to be controlled, plus the process 
stability is difficult to be achieved. Besides, such approaches need additional processes, 
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which increase the complexity of technology. Therefore, new simple methods that could 
lead to the synthesis of refractory-metal-free C40 TiSi2 are strongly desired. 
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This chapter is devoted to the discussion on the instruments, which are micro-Raman 
spectrometer (the main characterization technique), glancing angle x-ray diffraction 
(GAXRD) and atomic force microscope (AFM), used in this project to characterize the 
phase of the titanium disilicide formed after laser annealing. 
 
3.1 Raman Spectroscopy 
 
3.1.1  The Raman Effect 
The Raman effect arises when a photon is incident on a molecule and interacts with the 
electric dipole of the molecule. It is a form of electronic (more accurately, vibronic) 
spectroscopy, although the spectrum contains vibrational frequencies. In classical terms, 
the interaction can be viewed as a perturbation of the molecule’s electric field. In 
quantum mechanics the scattering is described as an excitation to a virtual state lower in 
energy than a real electronic transition with nearly coincident de-excitation and a change 
in vibrational energy. The scattering event occurs in 10-14 seconds or less. The virtual 
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Figure 3.1 Energy level diagram for Raman scattering; (a) Stokes Raman scattering   
(b) anti-Stokes Raman scattering [1]. 
 
The energy difference between the incident and scattered photons is represented 
by the arrows of different lengths in Figure 3.1a. Numerically, the energy difference 
between the initial and final vibrational levels, ν, or Raman shift in wave numbers (cm-1), 
is calculated through equation 1, 
            
    (1) 
 
in which λincident  and λscattered are the wavelengths (in cm) of the incident and Raman 
scattered photons, respectively. The vibrational energy is ultimately dissipated as heat. 
Because of the low intensity of Raman scattering, the heat dissipation does not cause a 
measurable temperature rise in a material.  
At room temperature the thermal population of vibrational excited states is low, 
although not zero. Therefore, the initial state is the ground state, and the scattered photon 
will have lower energy (longer wavelength) than the exciting photon. This Stokes shifted 
scatter is what is usually observed in Raman spectroscopy. Figure 3.1a depicts Raman 
Stokes scattering.  
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A small fraction of the molecules are in vibrationally excited states. Raman 
scattering from vibrationally excited molecules leaves the molecule in the ground state. 
The scattered photon appears at higher energy, as shown in Figure 3.1b. This anti-Stokes-
shifted Raman spectrum is always weaker than the Stokes-shifted spectrum, but at room 
temperature it is strong enough to be useful for vibrational frequencies less than about 
1500 cm-1. The Stokes and anti-Stokes spectra contain the same frequency information. 
The ratio of anti-Stokes to Stokes intensity at any vibrational frequency is a measure of 
temperature. Anti-Stokes Raman scattering is used for contactless thermometry. The anti-
Stokes spectrum is also used when the Stokes spectrum is not directly observable, for 
example because of poor detector response or spectrograph efficiency.  
 
3.1.2 Micro-Raman Spectroscopy’s System Description 
The main advantage of micro-Raman (µ-Raman) spectroscopy is that the sample need not 
to be subjected to any treatment before an analysis can be performed. In addition, micro-
Raman spectroscopy allows local phase identification and mapping with µm precision, as 
opposed to macro-Raman spectroscopy and other techniques like X-ray diffraction 
(XRD) which are unable to. This is achieved by using a microscope to focus the laser 
beam onto the sample. The spatial resolution of this experiment is ~ 1 to 2 µm. 
 Micro-Raman spectrometers usually consist of four basic components: (1) An 
intense monochromatic light source, (2) a sample illuminating system, (3) spectrograph 
for dispersing the scattered light (4) a signal processing system, including a CCD 
detector, an amplification system, computer system for instrument control and for data 
acquisition and processing. A schematic diagram of the micro-Raman system is shown in 
Fig. 3.2.  
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Figure 3.2 Schematic diagram of the micro-Raman system.  
 
 
The basic principle of our variable temperature studies of the phase transitions of 
titanium disilicide using the Raman microprobe is as follow. The sample to be examined 
is placed on the sample stage in a controlled temperature cell and is viewed using an 
incident white light either on the TV monitor connected to the closed circuit television 
viewing system (CCTV) or through the eyepieces. The sample area of interest is then 
located and irradiated by a visible laser beam. The light source emits a directional 
polarized beam which is directed onto a semi-reflecting mirror (beam splitter) in an 
optical microscope. A portion of the incident laser radiation is reflected downwards 
through the microscope objective lens which serves to focus the laser beam to a 
diffraction limited spot on the sample and to collect the scattered radiation from the 
sample, whereas the other portion is transmitted through the beam splitter. The reflection 
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and transmission characteristics of the beam splitter are determined by the dielectric 
coatings used. The scattered radiation collected is then directed and focused by coupling 
optics onto the entrance slit of the grating spectrometer, which acts as a tunable filter. 
The output of the grating spectrometer is focused onto the CCD detector and the resultant 
signal is recorded in the microcomputer which is used to control the spectrograph and 
detector. 
 
3.2 Glancing Angle X-ray Diffraction(GAXRD) 
X-ray diffraction is an extremely important technique in materials characterization to 
obtain information on the fine structure of materials – crystalline size, chemical 
composition, lattice strain, state of ordering, etc. However, this method is applicable to 
those cases in which the thin film layers are thicker than, or of the same order as, the x-
ray extinction length, which is usually 1-10 µm [2, 3]. In recent years this scale of depth 
has become too crude for many applications, especially for modern microelectronics, 
with thin film layers being often as thin as 10-3 to 10-2 µm.  Hence for the study of thin 
films, glancing angle XRD rather than conventional Bragg-Brentano XRD is an 
appropriate technique. The stationary specimen is irradiated with a beam of small 
divergence in the horizontal plane at a shallow angle of incidence between 0.1 and 1 deg. 
Fig. 3.3 shows the schematic illustration of geometry used for GAXRD. The secondary 
beam is scanned through 2theta. A Soller slit collimator is used to limit the horizontal 
divergence of the detector aperture, and a crystal monochromator is often recommended 
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  Figure 3.3 Schematic illustration of the geometry used in GAXRD [4].  
       
3.3  Atomic Force Microscopy 
The AFM works by scanning a fine ceramic or semiconductor tip over a surface much the 
same way as a phonograph needle scans a record. The tip is mounted at the end of a 
cantilever beam. As the tip is repelled by or attracted to the surface, the cantilever beam 
deflects. The magnitude of the deflection is captured by a laser that reflects at an oblique 
angle from the very end of the cantilever. A plot of the laser deflection versus tip position 
on the sample surface provides the resolution of the hills and valleys that constitute the 
topography of the surface. It can work with the tip touching the sample (contact mode), 
or the tip can tap across the surface (tapping mode). In contact mode, the instrument 
lightly touches a tip at the end of a leaf spring or "cantilever" to the sample. As a raster-
scan drags the tip over the sample, some sort of detection apparatus measures the vertical 
deflection of the cantilever, which indicates the local sample height. Thus, in contact 
mode the AFM measures hard-sphere repulsion forces between the tip and sample. On 
the other hand, in noncontact mode, the AFM derives topographic images from 
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measurements of attractive forces; the tip does not touch the sample. AFMs can achieve a 
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Structural Study of Refractory-Metal-Free C40 TiSi2 and its 
Transformation to C54 TiSi2 
 
4.1 Introduction 
As discussed in chapter two, the kinetics of the C49 to C54 transformation in TiSi2 are 
adversely affected as the line width of the silicided region decreases [1-4]. Due to this so 
called narrow line effect, the transformation of C49 to C54 phase on narrow poly-silicon 
lines requires higher annealing temperature, which results in severe problems such as 
gate-to-source/drain leakage [5], junction leakage [5] and silicide agglomeration [5, 6]. 
Therefore new technologies are required to overcome these issues, in order to implement 
TiSi2 for 0.10 µm technology and beyond.  
Intensive efforts were made in reducing the large C49 grains size with a pre-
amorphization implant (PAI), consisting of a shallow implant performed before Ti 
deposition to amorphize the top Si layer (typically ~30nm) [7, 8]. PAI was able to induce 
a smaller C49 grain size (~0.07 µm) as compared to conventional processes (C49 grain 
size ~0.2µm), enabling transformation of silicide films to the C54 phase on structures 
with dimensions down to 0.1µm [7, 8].  
Issues such as bridging (due to the reactivity of Ti with spacer and isolation 
materials at high temperatures) and spread of NMOS IOFF currents (induced by 
nonoptimal PAI processes) can be avoided by careful design of the process conditions.  
Nevertheless, vertical scaling issues remain for extension of the PAI process 
toward 0.1µm CMOS [7]. As junction depths are scaled down, silicide thicknesses need 
to be scaled accordingly to prevent high junction leakage currents. As silicide thickness is 
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scaled down, higher temperatures or longer times are required to complete the C49 to 
C54 transformation, but thermal stability is degraded.  
Due to the high activation energy of the C49 to C54 transformation, shorter 
processing times can increase the process window for full transformation without 
agglomeration. A second issue that limits the scalability of the PAI process is transient 
enhanced diffusion (TED) induced by PAI [7, 9], which can result in degradation of 
contact resistance, source/drain series resistance, and drive current, and becomes more 
severe as junction depths are scaled down.  
Besides reducing the C49 grains size, more significant breakthroughs have been 
made such that the C54 phase is formed from a C40 phase template, completely 
bypassing the C49 phase. There are a few methods of achieving this new phase of C40 
TiSi2. Mann et al. [10], and Kittl et al. [11], have shown that the C40 phase acts as a 
template allowing the direct formation of C54 phase at a much lower temperature of 
around 700oC. In their methods, a small amount of Mo ions were implanted into the Si 
substrate prior to Ti film deposition. The second method was discussed by Mouroux et al. 
[12] and Via et al.[13]. They have also shown that C40 phase could be formed by 
depositing a thin layer of Mo or Ta respectively between the Ti film and the Si substrate. 
The third method was achieved by Chen et al. [14] using laser annealing process.  
In my project, pulsed laser annealing was applied to induce the formation of 
different TiSi2 phases. Laser induced formation of titanium silicide has many advantages 
over the conventional RTP. Firstly, the energy is only applied to the surface region thus 
enabling shallow silicide formation. Also, generally, with laser annealing, 'punch through' 
is more difficult to occur. Besides this, it has a very fast ramping rate of approximately 
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1010 K/sec (a detailed calculation of this value is shown in Chapter 7), and added its short 
laser pulse duration, it is able to generate fine grains.    
Due to the many advantages of using laser over RTP in the formation of titanium 
silicide, pulsed laser annealing is used to induce the formation of titanium silicide in this 
project.  
In this chapter, we will demonstrate the formation of C54 TiSi2 without going 
through the undesirable C49 phase. Instead, the formation of C54 phase is based on the 
new C40 TiSi2 induced by excimer laser annealing of blanket Ti/Si samples. We will also 
show that the excimer laser induced C40 TiSi2 greatly promotes the formation of C54 
phase. 
To the best of our knowledge, the pure C40-C54 transformation bypassing the 
C49 TiSi2 phase has never been studied by XRD, even the XRD pattern of the pure C40 
phase resulted from the refractory-metal-free Ti/Si samples has never been reported. The 
structure of the laser-induced refractory-metal-free C40 TiSi2 and the C40 to C54 TiSi2 
phase transformation upon further RTP annealing at different temperatures have been 
studied by glancing angle X-ray diffraction (GAXRD) and µ-Raman in detail. In this 
chapter, we used the X-ray diffraction technique and µ-Raman spectroscopy to 
characterize the C40 TiSi2 directly formed by pulse laser annealing pure Ti/Si sample and 
the C40-C54 TiSi2 phase transformation upon further RTP annealing. 
 The result shows that the laser-induced C40 TiSi2 has a hexagonal structure with 
the P6222 space group and lattice parameters a=0.467 nm and c=0.662 nm. The ordering 
effect and the stress effect on the TiSi2 film were also discussed based on the GAXRD 
and µ-Raman results. In addition we also will also show that the Excimer laser induced 
C40 phase greatly promotes the formation of the technologically important C54 phase, 
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without going through the undesirable C49 phase, at a relatively low temperature of 
700°C. 
 
4.2 Experimental  
All the Ti/Si samples used in this experiment were prepared in Chartered Semiconductor 
Manufacturing. The blanket Ti/Si samples were prepared from (100) oriented p-type c-Si 
substrates with a  thin layer of Ti films (~350 Å) deposited on top of its surface. Prior to 
the Ti deposition, the substrate was ultrasonically cleaned in SC1 
(NH4OH:H2O2:H2O=1:8:64) and rinsed in hot de-ionized (DI) water. The substrates were 
then dipped into dilute HF to remove native oxide (SiO2) followed by hot de-ionized (DI) 
water rinse. They  were immediately loaded into the RF sputtering system (see Figure 
4.1), which was then evacuated to a pressure below 5x10-9 Torr. For the deposition of 
titanium, pure Ar gas (purity, 99.99 to 99.999%) was subsequently introduced into the 
chamber through a variable leak valve to a pressure of 2 mTorr. Ti of approximately 350 









     Figure 4.1 Schematic diagram of a typical RF sputtering system. 
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The blanket Ti/Si samples were than subjected to the irradiation by an Excimer 
laser (λ=2.48nm, pulse width τ=30ns) with a laser fluence of approximately 0.6-0.7 
J/cm2. This sample was first characterized by Spex 1704 µ-Raman spectrometer to 
confirm that only C40 TiSi2 was present. A glancing angle XRD (GAXRD) was then 
used to characterize the pure C40 TiSi2. The XRD spectra were taken using a Bruker's X-
ray diffractometer. A Cu Kα1 X-ray source was used at 40 kV and 40 mA. The incidence 
angle was set at 2° relative to the sample surface while the detector rotated to collect the 
diffracted X-ray.  
A RTP processor (Jipelec JetFirst system) was then employed to transform the 
pure C40 TiSi2 to C54 TiSi2 by heating the samples at different temperatures for 60 
seconds. The samples after various temperature RTP treatments were identified by a 
SPEX 1702/04 µ-Raman spectrometer with a He-Ne laser (λ=632.8 nm) as the excitation 
source and GAXRD.  
 
4.3 Results  
Raman spectra (Fig. 4.2) of the as-laser-annealed Ti/Si sample was taken before 2nd RTP 
treatment, to confirm that only C40 TiSi2 (in black) was formed. The C49 phase (in red) 
and the C54 phase (in blue) are also depicted in Fig 4.2 to make a comparison between 
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      Figure 4.2  Raman spectra showing only C40 TiSi2 was formed after laser annealed  
      and the C49 and the C54 phase are shown in the above figure to make a comparison 
      between the three phases.   
 
Figure 4.3 shows the typical top view AFM image of the laser-irradiated sample 
after etching in NH4OH: H2O2: H2O=1:1:5 for complete removal of the unreacted surface 
Ti film. As shown, the average grain size is about 50 nm with a high uniformity of grain 
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Figure 4.3 AFM image of the C40 TiSi2 produced by laser anneal of the Ti/Si  sample. 
 
This sample was then characterized by GAXRD. The crystal structure of this 
refractory-metal free laser induced C40 TiSi2 was first identified using HRTEM by Li et 
al. [15] Recently Via et al. [16] have also shown that by depositing a thin layer of Ta at 
the Ti/Si interface, the C40 TiSi2 was obtained after annealing at 525°C from their Bragg-
Bentano XRD results. However, to the best of our knowledge, the pure C40-C54 
transformation bypassing the C49 TiSi2 phase has never been studied by XRD, even the 
XRD pattern of the pure C40 phase resulted from the refractory-metal-free Ti/Si samples 
has never been reported. By using GAXRD operating under the detector scan mode to 
analyze the samples instead of the common Bragg-Bentano XRD (BBXRD) method 
which operates at the θ-2θ mode, we can effectively multiply the X-ray diffracted by the 
surface TiSi2 thin film and significantly reduce the penetration depth and collection time 
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[17]. The crystal structure of the refractory-metal-free C40 TiSi2 and C40-C54 phase 
transformation were studied by GAXRD at room temperature. In this work, XRD patterns 
were taken using a D8 ADVANCE X-ray diffractometer (BRUKER ANALYTICAL X-
RAY SYSTEMS). A Cu Kα1 X-ray source (λ=1.5406 Å) was used at 40 kV and 40 mA. 
The GAXRD diffraction geometry is shown schematically in Fig. 4.4. The incidence 
angle α was fixed at 2 degrees relative to the sample surface while the detector was 
rotated to collect the diffracted X-ray during scan. As shown in Fig. 4.4, the GAXRD 
pattern of the pure C40 TiSi2 exhibits five peaks at 37.96o, 40.43o, 41.04o, 43.92o, and 
47.24o. For comparison, the XRD peak positions for the Ti0.4Mo0.6Si2 [18a] (a=0.465 nm, 
c=0.650 nm), Ti0.8Mo0.2Si2 [18b] (a=0.470 nm, c=0.652 nm), and TaSi2 [5.18c] (a=0.478 
nm, c=0.657 nm) were also indicated in Fig. 5.5(a). It is obvious that the XRD peaks of 
the laser-induced refractory-metal-free C40 TiSi2 match well with the other well-known 
C40 phase silicides, all of which have the hexagonal crystal structure with space group 
P6222 (180). Especially, the peak positions of the laser-induced C40 TiSi2 are quite close 
to that of TaSi2. This can is not surprising based on the fact that difference in lattice 
parameters between C40 TiSi2 and TaSi2 as reported by Via et al. [16] is very small. It is 
noted that Li et al. [15] has shown that pure C40 TiSi2 has the hexagonal structure 
(P6222). Therefore, we set the XRD pattern shown in Fig. 4.5 as the hexagonal structure 
with the space group P6222. After addressing the five peaks to (110), (111), (003), (200), 
and (112) planes of C40 TiSi2, we obtained the experimental lattice parameters (a=0.467 
nm, c=0.662 nm) of the pure C40 TiSi2. This set of lattice parameters is well matched 
with that from the HRTEM results (a=0.471 nm, c=0.653 nm) [15] and BBXRD results 
(a=0.469 nm, c=0.649 nm) [16]. Our experimental results for the interplanar distance, 
2.19 Å  for the (003) plane, 2.23 Å  for the (111) plane, and 1.92 Å  for the (112) plane, 
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also show an excellent agreement with the HRTEM results of 2.18 Å, 2.21 Å, and 1.92 Å, 
respectively [15]. A summary of all these results are shown in Table 4.1. 
In order to study the phase transformation from C40 TiSi2 to C54 TiSi2, we used 
RTP to anneal the laser-induced C40 TiSi2 sample at various temperatures for the same 
duration (60s). Figure 4.6(a) shows the GAXRD patterns of C40 TiSi2 after annealing at 
different temperatures. As shown, the C54 phase appears after a relative low temperature 
(T=630 oC) RTP annealing. Interestingly, the intensity of the XRD peaks associated with 
the C40 TiSi2 increases dramatically with a large reduction of the full width at half 
maximum (FWHM), even after the appearance of the C54 phase. Based on X-ray 
diffraction theory, it is quite reasonable to attribute this phenomenon to the ordering and 
perfecting process of the C40 TiSi2 crystalline caused by the low temperature RTP 
annealing. Due to the small lattice mismatch (<3%) between the C40 and C54 TiSi2, we 
believe that the C54 phase observed after the RTP annealing was formed at a 
consequence of expitaxial growth [19-22]. This expitaxial growth of the C54 phase from 
the C40 layer can be supported with evidence from Mouroux et al. and Gribelyuk et al. 
[20-22] TEM studies. In their work, they show that the presence of C40 phase will 
always result in the expitaxy growth of the C54 phase. Hence the coexistence of the C40 
and the C54 phase in our samples is strongly related to this expitaxy growth. As 
annealing temperature increases, the C54 TiSi2 replaces the C40 TiSi2 as the dominant 
phase. At annealing temperature of 700 °C, no more C40 TiSi2 is observable. The XRD 
spectrum at 700 oC is characterized by a pattern typical of a pure C54 TiSi2 phase [9]. 
Furthermore, our XRD results indicate that the C49 TiSi2 has never been observed on the 
laser-induced C40 TiSi2 samples upon RTP annealing at various temperatures (T=630-
700 oC). Hence the laser-induced refractory-metal-free C40 TiSi2 can greatly decrease the 
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C54 TiSi2 formation temperature and directly transform to the C54 phase, completely 
bypassing the C49 TiSi2. 
Figure 4.6(b) also shows the Raman spectra of the samples corresponding to the 
GAXRD patterns shown in Fig. 4.6(a), which strongly support the conclusions drawn 
from the XRD study that the laser induced refractory-metal-free C40 TiSi2 can directly 
transform to the C54 TiSi2, bypassing the C49 phase. Detailed Raman study has been 
presented by Chen et al. [23] that demonstrated the same result. Similar to the XRD 
peaks, the Raman peaks of the C40 phase also display a dramatically increase of intensity 
and decrease of FWHM. Peak splitting at around 280 cm-1 is clearly seen in the 630° C 
annealed spectrum, corresponding to a more ordered C40 TiSi2 phase. More interestingly, 
an obvious blue-shift of the C40 TiSi2 vibrational modes occurs with increasing RTP 
temperature while a slight red-shift of the C54 TiSi2 vibrational modes can be observed 
with further annealing. The Raman mode shifts are most likely resulted from the stress 
which is mainly caused by the mismatch between the substrate Si and the C40 TiSi2 as 
well as between C40 and C54 TiSi2. Raman modes are very sensitive to stress, and 
different kinds of stress (compress or tensile) induce contrast shifts (blue-shift or red-
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Figure 4.4  Schematic diagram of the GAXRD geometry, the incidence angle α is  













           Figure 4.5  XRD pattern of the as-laser annealed C40 TiSi2 sample before RTP                    
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Table 4.1 Experimental results of the lattice parameters of C40 TiSi2 by different 
techniques. 
 
Methods of forming C40 TiSi2 
 
Techniques used to 









Refractory-metal free C40 TiSi2 








Li et al. [15] 
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Figure 4.6 (a) XRD pattern of the as-laser annealed C40 TiSi2 sample before and after  
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4.4 Discussion 
4.4.1 Crystallographic structures of C40 and C54 TiSi2 
The titanium silicides formed by using excimer laser annealing have a new structure 
called C40. The basic building block of silicides, whether C40 or C54 phase, is a close-
packed hexagonal plane of atoms (Fig. 4.7) [21]. Figure 4.8 shows the position of a metal 
atom in the different layers of the hexagonal planes. The crystallographic cell of the 
disilicide is built with the stacking of the hexagonal planes. The crystallographic cell of 
the disilicide is built with the stacking of the hexagonal planes. In the first layer, the 
metal atom is at A, in the second layer, it is at B, etc… The structure is hexagonal C40 if 
the stacking order is …ABCA… and orthorhombic C54 if the stacking order is 
…ABCDA… (see Fig. 4.9). For the latter, it is a slightly distorted hexagonal plane that 
makes the structure orthorhombic. The angle between hexagonal axes in the stacking 
plane is 121° [25]. The similarity between these two structures result in the C54 TiSi2 
direct nucleation and growth on C40 TiSi2 phase which acts as a template. On the other 
hand, the orthorhombic C49 TiSi2 phase, which has a totally different crystalline structure 
from C40 TiSi2 phase, is difficult to nucleate on C49 structure. As a result, C40 phase 
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Figure 4.7 Two-dimensional atomic arrangements in the stacking plane for the C40 and 










Figure 4.8 Position of the metal in the stacking plane of the hexagonal planes. 
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Figure 4.9 Plane stacking in the C40 and C54 structures. [26] 
 
4.4.2  Transformation of C40 phase to C54 phase 




GK ∆−=ρ       (1) 
where K is a proportionality factor, k, the Boltzmann constant. The energy barrier is 







∆=∆+∆=∆ σγ     (2) 
where γ is the geometrical term determined by the physical shape of the nucleus, ∆σ is 
the change in surface energy and ∆G is the change in free energy that drives nucleation 
and phase growth. The term ∆G1 corresponds to the critical size of a nucleus, while ∆G2 
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determines the ability of the nucleus to grow. ∆G2 has been proven to be very close to the 
activation energy for the growth of macroscopic layers and is on the order of 1.6×10-19 J 
[28]. 
The C49-C54 phase transition is characterized with a small free energy (∆G) 
change and a large surface energy (∆σ) change [29]. Therefore, the energy barrier 
calculated from Eq. 2 becomes extremely high that elevated temperatures are required for 
the transition to take place. As for the C40-C54 transformation, the change in free energy 
∆G is larger than the C49-C54 transformation [30]. However, the change of surface 
energy ∆σ from C40 to C54 phase is very small, due to the close similarities between 
their crystal structures. As a result, the term ∆G1 has small contribution to ∆G*. Hence we 
conclude that the energy barrier ∆G* for this transformation is much smaller compared 
with the C49-C54 transition. Accordingly, the C40-C54 phase transformation is much 
easier and does not suffer from the “narrow line effect” at least to some extent. 
 
4.5 Conclusion 
In conclusion, the structure of laser-induced refractory-metal-free C40 TiSi2 has been 
studied using GAXRD for the first time. The result showed that laser-induced C40 TiSi2 
has a hexagonal structural with lattice parameters a=0.467nm and c=0.661nm. Totally 
bypassing the undesired C49 phase, the technologically important C54 phase is able to 
grow on the basis of C40 TiSi2. Furthermore, a reduction in the temperature to form C54 
through thermal annealing by over a 100 °C has been attained. This is because the C40 
phase promotes the formation of C40 TiSi2. Hence, with these results, the processing 
issues mentioned in section 2.3 can be overcome easily with this new silicide formation 
technique by laser annealing.  
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Chapter Five 
 
Thickness Effect of Refractory-Metal Free C40 TiSi2 on its 
Transformation to C54 TiSi2  
 
5.1  Introduction 
In chapter four, we have discussed about the promotional effects of C40 TiSi2 on its 
transformation to C54 TiSi2 completely bypassing the undesirable C49 phase at a much 
lower temperature. Like C49 phase, C40 is also a high resistivity meta-stable silicide [1]. 
The transformation to C54 TiSi2 is essential for its application in IC industry. Incomplete 
conversion from C40 to C54 phase will result in high sheet resistance. The thickness 
effect of C40 phase on its transformation to C54 phase has not been reported before, 
hence we shall discuss how different thickness of C40 can affect its transformation to 
C54 phase. In addition, the activation energies of different thickness of C40 being 
transformed into C54 phase will be discussed. 
 In this chapter, both excimer laser and Nd:YAG laser were used to induce 
different thickness of C40 on blanket samples. Micro-Raman spectroscopy was used to 
identify the phase of the silicide formed and to give a relative account of the thickness of 
the silicide layer induced by the lasers. Fig. 5.1 shows the schematic illustration of the 
principle used in the measurement of thickness of silicide film by micro-Raman 
spectroscopy. When laser is incident on the sample surface, it is attenuated exponentially 
by the metal film, and the Raman signal of the Si substrate is also attenuated by the same 
layer. The attenuation is related to both the film thickness and the absorption coefficient 
of the film. Due to this exponential decay of the Si Raman signal, a small change in the 
film thickness will result in a large change the Raman peak. Hence Raman spectroscopy 
is chosen to determine the relative film thickness because it is fast, non-contact and non-
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destructive method as compared to the conventional methods like SEM and TEM. The 
sheet resistance obtained using the Four Point Probe (FPP) could also be used to measure 
the thickness of a thin film with a known resistivity.  Due to the small area of C40 TiSi2 
formed, FPP cannot be used to measure the sheet resistance of this C40 TiSi2 and hence 













In our studies, the samples used were exactly the same as those used in the previous 
chapters. The samples were subjected to either a KrF excimer or a Nd:YAG laser 
annealing to induce different thickness of C40 phase (15 and 40 nm respectively). Two 
sets of samples were selected for our study. Set A samples were subjected to a KrF 
excimer laser (λ=248nm, pulse width τ=30ns) annealing. A total of 80 pulses with a 
repetition rate of 1 Hz and an energy fluence of approximately 0.6-0.7 J/cm2 were used to 
induce the C40 phase.  Nd:YAG laser (λ=1.046 µm, pulse width τ=16 µs) with an energy 
fluence of approximately 0.90-1.0 J/cm2 and a repetition rate of 10 kHz was scanned 
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across set B samples. Both sets of samples were etched in NH4OH, H2O2 and H2O in the 
ratio of 1:1:5 for complete removal of the unreacted Ti film.  
A Jipelec rapid thermal processor (RTP) was used to transform the C40 TiSi2 
samples to C54 TiSi2 by heating the samples at different temperatures for 60 seconds. At 
each annealing temperature, 5 samples from each set were loaded into the RTP system. 
After 700oC annealing, all the 5 set A samples transformed to C54 while the set B 
samples did not. Subsequently, fresh set B samples underwent RPT annealing at 800, 900 
and 1000oC annealing. In the study of activation energies of the two sets of samples, a 
furnace was used instead of the RTP, because RTP process window is in the region of 1-2 
mins and converting the thick C40 films into C54 phase requires a much longer time. 
Both RTP and furnace anneal were carried out in N2 and Ar ambient. The phases after 
various temperature treatments with RTP/furnace were identified by a SPEX 1702/04 
micro-Raman spectroscopy (µ-Raman) with a He-Ne laser (λ=632.8 nm) as the excitation 
source. µRS was also used to determine the thickness of the silicide layer induced by the 
lasers. 
 
5.3 Results and Discussion 
The two sets of 350 Å Ti/Si blanket samples that were annealed using Nd:YAG laser and 
excimer laser were first confirmed of its phase by Spex 1702/04 µ-Raman spectrometer. 
Raman spectra taken show that C40 phase was present (spectra not shown). The Raman 
intensities of the Si substrate at 520 cm-1 of the samples from set A and B, that were 
annealed using excimer laser and Nd:YAG laser respectively, were taken after the 
etching process to remove the unreacted Ti layer.  The average thickness of the set A and 
set B samples are approximately 15 nm and 40 nm respectively as determined by the 
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attenuation of the Si substrate Raman peak at 520 cm-1, with an absorption coefficient α 
= 5.65x10-2/nm [2] at λ = 633 nm. The thickness of the set A samples corresponds well 
with the TEM results determined by TEM on similar samples produced by the same 
method [3].  Figs. 5.2(a) and (b) show Raman spectra of set A and set B samples 
respectively after RTP annealing for 60s at different temperatures. The set A samples that 
have a thinner layer of C40 TiSi2, completely transformed to C54 after RTP at 700 oC 
(Fig. 5.2a). On the other hand, the thicker set B samples did not transform to C54 when 
annealed at the same temperature. There was no evidence of any C54 phase in the Raman 
spectra (Fig. 5.2b). This observation was further confirmed by taking spectra from 
different locations on each individual sample. Another 5 set B samples were annealed at 
800 oC and the two C54 peaks at around 205 cm-1 and 240 cm-1 started to appear. Even 
after annealing at 1000 oC, the C40 modes could still be detected for the set B samples. 
d’Heurle et al.[4] formed C40 (Nb,Ti)Si2 by annealing a 32nm-thick Ti-Nb (13.6% Nb) 
film and the C40 phase only started to transform to C54 phase above 950oC. This result 
agrees well with ours that thick C40 (Nb,Ti)Si2 requires a higher anneal temperature to 
transform to the C54 phase.  As incomplete conversion of the C40 phase into the stable 
C54 phase results in an increase in the silicide resistance and thus decrease the 
performance of a CMOS circuit, a thick C40 TiSi2 layer is undesirable as it hinders the 
formation of C54 phase. 
By plotting the natural logarithmic of the time at which each C40 film was 
completely transformed to C54 at each temperature, T, as determined by the furnace 
annealing experiments, ln τ, versus 1/kT, the slopes of the Arrhenius plots (Fig. 5.3) give 
the activation energies, EA and EB, of 2.69 ± 0.27eV and 6.37 ± 0.27 eV for set A and B 
samples respectively. The C40 to C54 activation energy for set B samples is much higher 
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than that of the set A samples. It is even higher than the activation energy of C49-to-C54 
phase transformation ,E49, which was reported to be in the range of 3.5-6 eV [5-7]. While 
E49 increases with decreasing C49 thickness [6], the activation energy of C40-to-C54 
transformation decreases with the decreasing C40 layer thickness, reflecting the fact that 
the mechanisms governing the C40-to-C54 transformation is different from the C49-to-
C54 transformation.  
It has been well established that there is a close structural similarity between the 
(001) planes of the C40 phase and the (010) planes of the C54 phase. The hcp C40 phase 
can be thought to be built from an ABC stacking sequence along the <001> direction, 
while the orthorhombic fcc C54 phase has an ABCD stacking sequence along the <010> 
direction. This structural similarity makes it very easy for the C54 phase to grow 
epitaxially on the C40 template when Ti/C40/Si samples are annealed [8-10]. However 
the transformation from hcp C40 to orthorhombic fcc C54 requires the change of the 
stacking order from ABC to ABCD sequence. Such a transformation takes place by 
individual atomic jumps, i.e. an atom on an A site in the second layer of the hcp phase 
must move into the D position. Such an atomic jump is energetically unfavorable and the 
atom involved is unstable and will be forced back to its original position [11].   Hence the 
C40 to C54 transition is difficult and high activation energy is expected. Raman modes 
are very sensitive to stress, any shift of the Raman modes to the higher wavenumber 
(blue-shift) indicates the presence of compress stress and the shift of Raman modes to the 
lower wavenumber (red-shift) indicates tensile stress [12]. To explain the low C40 to C54 
transition temperature observed for thin C40 samples, we note that the Raman peaks of 
the thin C40 set A samples are consistently higher than that of the thicker set B samples 
by 3-4 cm-1 and the FWHM of the Raman peak at about 200 cm-1 is also wider by  1.7 
cm-1 for the thin samples, indicating the thin samples are under considerable compressive 
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strain. This strain and its induced defects may be responsible for the much reduced 
transition temperature in thin C40 samples. In Fig. 5.2(a), the spectra for the 
transformation of thin C40 phase into the C54 phase, all the C40 vibrational modes 
undergo a blue-shift when the RTP temperature increases to 630oC, which implies that a 
tensile stress is induced in the film upon annealing. On the other hand, the Raman modes 
for the thicker C40 layer samples are observed to shift when heated to 700oC (Fig. 5.2 
(b)). It also shows that three of the C40 vibrational modes (i.e. 199 cm-1, 275 cm-1 and 
318 cm-1) undergo very distinctive red-shift and only one vibrational mode at around 300 
cm-1 undergo a blue-shift when the temperature is increased to 900oC, however, it 
undergoes a red-shift when the RTP temperature is increased to 1000 oC. A distinctive 
red-shift is also observed for vibrational mode at 275 cm-1 when the annealing 
temperature increases 900oC to 1000oC. The induced stress evidenced with all these 
Raman shifts may be caused by the lattice mismatch between the Si substrate and the C40 
phase as well as a mismatch in thermal expansion coefficients between the substrate and 
the silicides, which eventually results in a very complex stress state as seen from the 
different types of Raman shift in the thicker film. We believe that the different type of 
stress acting on the film is also another factor that affects the phase transition of C40 to 
C54 phase.   
 
5.4 Conclusion 
In summary, we have observed that the transformation to C54 TiSi2 from C40 TiSi2 is 
strongly dependent on the thickness of the C40 layer. A thick C40 layer is undesirable as 
the formation of the C54 phase requires a very high temperature of  1000 oC whereas the 
thinner C40 layer can easily transform into the stable phase at a much lower temperature 
of 700 oC.  The structural similarity between the (001) planes of C40 and the (010) planes 
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of C54 makes it easy to grow C54 on C40 template. On the other hand, the different 
stacking order of the two phases makes the C40 to C54 transition difficult. The low 
transition temperature observed for thin C40 samples is attributed to the effect of 
compressive strain. This study sheds light on the C40-to-C54 transition mechanism and it 
is also important for the possible extension of the applications of TiSi2 beyond 0.25µm in 
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Figure 5.2(a) Raman spectra of the laser annealed set A samples before and after RTP 
treatments. (b) Raman spectra of the laser annealed set B samples before and after RTP 
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Figure 5.3 An Arrhenius plot of ln (τ) vs 1/kBT to determine the activation energies for 
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In the previous chapter, we observed that the formation of C54 phase from C40 phase is 
strongly dependent on the thickness of the C40 layer. A thick C40 layer is undesirable 
because it requires a very high temperature such as 900oC to partially transform the C40 
layer into the C54 phase. The enhanced formation of C54 phase through the use of C40 
phase as the interface layer between Ti layer and the Si substrate has been attributed to a 
template mechanism [1-5], due to the close structural similarities between the two phases. 
In this chapter, we shall investigate the template mechanism on different thickness C40 
layer with a Ti cap layer. Strong evidences from µ-Raman spectrum are used to confirm 
this template mechanism of C40 TiSi2 on the formation of C54 TiSi2 for any Ti/C40 TiSi2 
samples.  
 
6.2 Experimental  
The samples used in this chapter were exactly the same as those used in Chapter five. For 
convenience sake, the details of the two sets of samples used were repeated here. Two set 
of samples (set A and set B samples) were selected for our study. Set A samples were 
subjected to a KrF excimer laser (λ=248nm, pulse width τ=30ns) annealing. A total of 80 
pulses, a repetition rate of 1 Hz and an energy fluence of approximately 0.6-0.7 J/cm2 
were set to induce the C40 phase.  Nd:YAG laser (λ=1.046 µm, pulse width τ=1.6 µs) 
with an energy fluence of approximately 0.90-1.1 J/cm2 and a repetition rate of 10 kHz 
was scanned across set B samples. Both sets of samples were etched in NH4OH, H2O2 
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and H2O in the ratio of 1:1:5 for complete removal of the unreacted Ti film. SPEX 
1702/04 µ-Raman spectrometer with a He-Ne laser (λ=632.8 nm) as the excitation source 
was employed to confirm the phase of the TiSi2 induced by the laser and it is also used to 
give a relative comparison of the thickness of the silicide layer induced by the lasers. 
After ensuring that C40 phase was present after the laser annealing, Ti films of about 15 
nm were deposited on top of the C40 layer in a RF sputtering system with a base pressure 
below 5 x 10-9 Torr. A Jipelec RTP system was used in the second annealing process to 
transform the pure Ti/C40 TiSi2 samples to C54 TiSi2 by heating the samples at 700oC for 
60 seconds.  
 
6.3 Results 
All the blanket samples that were annealed using Nd:YAG laser and Excimer laser were 
first confirmed of its phase by Spex 1702/04 µ-Raman spectrometer. Raman spectra taken 
show that C40 phase was present (spectra not shown). From chapter five, we know that 
the thickness of set A and B samples are 15 and 40 nm respectively. After determined the 
phase and thickness induced by the lasers on the two sets of samples, Ti films of about 15 
nm were deposited on top of the C40 layer in a RF sputtering system with a base pressure 
below 5 x 10-9 Torr. All the samples went through the second annealing process to 
transform the pure 150 Å Ti/C40 TiSi2 samples to C54 TiSi2 by heating the samples at 
700oC for 60 seconds. Raman spectra in Fig. 6.1a shows that the Ti layer on top of the 
thin C40 layer completely transform into the stable C54 phase after annealing at this 
temperature. On the other hand, Fig. 6.1b shows the formation of C54 phase and the 
presence of C40 phase after annealing at the same temperature which indicates that the 
C40 phase beneath it have not transformed into the C54 phase . In chapter five, we 
 
              
                                                                                                                     Chapter Six: Template mechanism  
                                                                                                                      is  indepent of  the film  thickness   
                                                                                    of C40 TiSi2.   
 
  58
observed that the thick C40 layer did not transform into the C54 phase after annealing at 
700oC for 60s, whereas the thin C40 phase completely transform into the C54 phase at the 
same conditions. From Fig 6.1a and 6.1b, we observe that the presence of C40 phase as 
the interface layer will transform the Ti cap layer into the stable C54 phase after 
annealing the two sets of samples at temperature at 700oC. If C40 is used as an interface 
layer between the Si substrate and the Ti film, it will act as a template for the formation of 
C54 phase regardless of its thickness. Hence it is wise to keep the C40 phase as thin as 
possible preferably less than 15 nm, in order to ensure that both the C40 TiSi2 and the Ti 
layer on top completely transform into the C54 phase, because incomplete conversion of 
C40 phase to C54 phase will result in high sheet resistance [6]. 
 
6.4 Conclusion 
In conclusion, we show that the template mechanism for Ti/C40/Si samples is valid and is 
independent of the C40 thickness. Though the Ti layer on top of a thick C40 interface 
layer could transform into the stable phase at a 700oC, it is undesirable because C40 is 
also a metastable phase and incomplete conversion from C40 to C54 will result in high 
sheet resistance.   From the results of the previous chapter and this chapter, we conclude 
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Figure 6.1 (a) Raman spectra of set A samples after RTP at 700 oC (b) Raman spectra of 
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Mechanism of simultaneous formation of C40 & C49 TiSi2 
induced by Q-switched Nd:YAG laser irradiation. 
 
7.1 Introduction 
In this chapter, a Q-switched Nd:YAG laser was used to induce various phases of TiSi2 in 
350 Å of Ti layer deposited onto (100) c-Si substrates. The laser annealing process was 
performed in air ambient. The laser annealed Ti/Si sample was then characterized using 
micro-Raman spectroscopy and found that there is an interesting phenomenon, which is 
the C49 TiSi2 is formed at two different temperatures. One is formed at a non-melting 
temperature, 950 K and the other is formed at 2250 K. A mechanism was proposed to 
explain the formation of C49 phase under these two temperatures. In addition, we also 
note that C40 is formed between these two temperatures. In the laser silicidation process, 
photon energy from the laser is transferred to heat very quickly (<1 ps), giving rise to 
intense thermal effects on the surface of the irradiated material [1]. For a better and more 
complete insight into the laser annealing process, it is essential and necessary to 
understand the photon thermal effects in the metal-Si system. The laser interaction with 
the materials is very complicated, since the laser annealing takes place within a very short 
duration (~102 ns) and is also a non thermal equilibrium process. Hence, it is not feasible 
to make direct measurement of the temperature related parameters. Alternatively, 
theoretical computations are performed to simulate the process.   
  
7.2 Experimental 
The blanket Ti/Si samples used in this chapter were exactly the same as those used in the 
previous chapters. 
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 In this experiment, a 350Å Ti/Si sample was irradiated with a Q-switched 
Nd:YAG laser (λ=1.06µm, pulse width τ=300 ns) with a repetition rate of 10 kHz and a 
laser fluence of 1.3-1.5J/cm2.  
An Atomic Force Microscope was then used to study the topography of the 
irradiated sample after etching the sample in NH4OH:H2O2:H2O=1:1:5 to remove the 
unreacted metal. This sample was further studied using a Spex 1704 micro-Raman 
spectrometer with a 20 mW He-Ne laser (λ=632.8nm) as the excitation source.  
 
7.3 Principles Used in Computer Simulations 
7.3.1 Heat Flow Equation 
Generally, the heat flows in materials irradiated by intense laser pulses comprise a 3-
dimensional problem. The following assumptions are made to solve the thermal effects 
introduced by laser annealing [2]: 
(1) The radiation density is uniform during the laser pulse time; 
(2) The diameter of the laser beam interaction with the sample is much greater than the 
penetration depth of heat on the time scale of interest; 
(3) The composition of the sample is homogeneous in all directions except in the 
direction of penetration of the laser beam, where a metal-Si interface exists. 
The above assumptions match the actual experimental conditions very well. In fact, 
during the short pulse irradiation, the thermal diffusion distances are much smaller than 
the dimensions of the laser beam, thus limiting the gradients parallel to the surface to 
many orders of magnitude less than the gradients perpendicular to the surface [1]. Thus, 
we are able to simplify the problem adopting the one-dimensional heat flow equation 
with excellent approximation and accuracy. 
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Therefore, the Heat Flow Equation [2] 
                                                                                                   (1) 
 
can be simplified as: 
                                                                                                                                           (2)                        
  
where z is the direction of propagation of the beam; ρ(z, T), c(z, T) and k(z, T) are the 
density, the specific heat and the thermal conductivity respectively at depth z and 
temperature T. I(z, t) is the absorbed laser power density which can be expressed as: 
)exp()()1(),( 0 ztIRtzI α−−=                                                                                            (3) 
where R and α is the reflectivity and absorption coefficient, respectively. I0(t) is the 
power density of incident laser. 
The following boundary conditions are assumed: 














T  when z = 0, i.e. the heat loss by radiation or convection in a direction 
normal to the surface of the wafer is negligible. 
(3) KtLT 300),( = , for all t, where L is the sample thickness. 
(4) If a solid-liquid interface exists, the latent heat is released on melting at the 
interface. 
In fact, it is well known that when a metal is heated by optical radiation, the energy is 
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the order of 10-12 s [3, 4] and the characteristic time for heat flow through a few tens of 
nanometers in a material is of the order of 10-10 s [3, 4]. The above time scales are several 
orders smaller than the time required to heat the material to its melting temperature under 
usual laser heating conditions. 
Note that in Eq.2, the density ρ(z, T), the specific heat c(z, T), the thermal 
conductivity k(z, T) and the absorbed laser power density I(z, t) are all temperature and 
depth dependent, resulting in the unavailability of the analytical solutions in general 
cases. Therefore, computer-based numerical solutions are adopted. Equation 2 was solved 
with computer simulations using finite difference method in our work with the 
appropriate sample and laser parameters, where the sample parameters and their 
temperature dependence used in the calculations were taken from literature [5-9].  
 
7.4 Results and Discussion 
When the Q-switched Nd:YAG laser with a repetition rate of 10kHz, a pulse width, τ, of 
300 ns  and  a laser fluence of approximately 1.3 to 1.6 J/cm2 was incident on the sample, 
an interesting phenomenon was observed. The laser irradiation resulted in 3 distinct 
regions of A, B and C (with a diameter of approximately 40 µm) and have a near 
Gaussian spatial distribution. After irradiation, the etched sample was first examined with 
an optical microscope. Spex 1704 micro-Raman spectrometer was then used to study the 
phases formed at these 3 regions. Under the optical microscope, it was observed that the 
center region, which was irradiated with a higher intensity, appeared to be melted. A 
computer simulation was done to show the surface temperature of blanket Ti/Si samples 
after irradiated by the laser and it shows that the temperature at the surface rises from the 
ambient temperature to around 2250K in 210ns and cools down to room temperature 
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within 9000 ns as indicated in Fig. 7.1. The ramping rate of the laser annealing process is 
therefore in the magnitude of 1010 K/s, while the cooling rate is also calculated to be in 
the order of 108 K/s.  Another series of simulation were performed to show the 
temperature distribution vs depth into the sample at different duration of t=100, 200, 300, 
400 ns where t=0 is defined as the start of the laser pulse which is shown in Fig 7.2 and 
7.3. From Fig 7.2, we note that the heat is being conducted to a depth of 7500 nm during 
200 ns. Note that the melting point of Ti and Si are 1933 K and 1686 K respectively. The 
temperature distribution vs depth graph at t=200 ns of Fig. 7.3 is the time before when 
the temperature reaches its maximum value in our experiment. It is obvious that the 
temperature at the surface and Ti/Si interface are above the melting point of Ti and Si, 
indicating a melt consisting of Ti and Si atoms. An AFM image of the typical laser 
irradiated region is shown in Fig 7.4. The melted region at the center was labeled as 
region A and the region outside this melted region which experienced weaker laser 
intensity was labeled as region B and the near edges region was labeled as region C. With 
micro-Raman spectrometer it was interesting to find that the dominant phase in the 
melted region is C49 TiSi2. This result is in good agreement with Shamma et al. [10] 
They have provided evidence of uniform melting as the primary cause of the formation of 
C49 TiSi2 produced by laser annealing using an XeCl excimer laser at 308 nm. C49 TiSi2 
was formed in the center region, where it was exposed to the highest laser beam intensity, 
instead of C54 phase because phase selection depends on the nucleation and growth 
kinetics of the competing product phases. As suggested by Boettinger et al. [11], a 
schematic representation of the role of nucleation and growth kinetics for phase selection 
as a function of processing conditions is represented by the metastable phase diagrams in 
figure 7.5. The thermodynamic relationships for the Gibbs free energy of  the melt, the 
metastable C49 phase, and the stable C54 phase  are shown in Fig. 7.5a. Iannuzzi et al. 
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[12] has used molecular-dynamics simulation to show that the melting temperature of 
C49 is about 250 K lower than that of the stable phase C54 TiSi2. In addition, Boettinger 
et al. [11] also suggest that a metastable phase will have a lower melting temperature than 
the stable phase. Hence the melting point of the metastable C49 and the stable C54 phase 
of TiSi2 are indicated by 49CMT  and 
54C
MT  in Fig. 7.5a respectively. In the same figure, the 
intersections of the free energy curves correspond to the transition temperatures and the 
negative slope of either phase, -dG/dT at constant pressure, is the entropy (S) of the 
phase. S is a measure of randomness or disorder of the system. For any substance, the 
solid state is more ordered than the liquid state, hence Ssolid < Sliquid. Hence as shown in 
Fig 7.5a the slope of the melt has the greatest gradient.  We assume that C54 has a larger 
entropy than C49, this is because if C49 has a higher entropy than C54, the melting point 
of the C54 phase will be lower than that of the C49 phase. In Fig. 7.5b and 7.5c, a 
possible pair of functions are depicted to illustrate the role of kinetics in phase selection 
under conditions that favor the nucleation and growth of the metastable phase. 
 For the nucleation of C49 TiSi2 or C54 TiSi2 from the melt, the dominant product 
phase is determined to a large extent by the lowest value of the activation energy barrier 
for nucleation, ∆G*, of C49 or C54 TiSi2. The value of ∆G* for each solid phase is a 
function of the amount of undercooling below the respective melting points and the 
liquid-crystal surface energy which acts as heterogeneous nucleation sites for C49 or C54 
TiSi2. As stated by Bergmann et al. [13], a rapidly solidifying melt attempts to reduce its 
free energy as quickly as possible, rather than attaining its lowest possible free energy. 
This leads directly to a growth selection between metastable and stable phases (i.e. C49 
and C54 TiSi2 in this context) and also to the formation of the metastable phase (i.e. C49 
TiSi2). In addition, Perepezko et al. [14] also mentioned that during a rapid solidification 
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process, the nucleation and/or the growth of a thermodynamically stable phase is 
difficult. Hence from the nucleation rate relationships presented in Fig. 7.5b, we can see 
that the nucleation of C49 TiSi2 dominates at lower temperatures. Fig. 7.5c shows the 
growth rate of the C49 and C54 phases from the liquid as a function of temperature in a 
situation favoring metastable C49 TiSi2 phase formation. With high cooling rate, the 
metastable C49 phase grows much faster than the stable C54 phase of TiSi2. This 
explains why C49 phase is the only phase present in the melt region. Iannuzzi et al. [12] 
simulations show that the melting temperature of C49 and C54 are 2800 K and 3050 K 
respectively. However in our simulations we show that the melt is cooled down from a 
temperature of 2250 K which means that if C49 phase nucleates faster than the C54 phase 
as shown in Fig 7.5a, then the melting temperature of C49 is definitely below 2250 K. On 
the other hand Archer et al. [15] predicted that the melting temperature of C54 is around 
1700 K because in their experimental work they show that the differences in enthalpy 
increases significantly when C54 TiSi2 was heated to a temperature of above 1500 K and 
they claim that such an increase are usually observed in the temperature range prior to the 
melting temperature. If that is the case, our experimental results are closer with theirs. 
Several micro-Raman spectra were taken at different positions in region B, which 
experienced lower laser beam intensity. Most of the spectra taken in this region show the 
formation of C40 TiSi2 and only a few spectra show the formation of C49 TiSi2 at some 
random positions. A few spots were found to contain C49 TiSi2 in this region because of 
some non-uniformity in the laser beam. On the other hand, most of the spectra taken from 
region C show C49 TiSi2 and only a few spectra show the formation of C40 TiSi2. Figure 
7.6 shows the typical micro-Raman spectra taken from these regions. This indicates that 
the formation temperature of laser induced C40 TiSi2 is higher than C49 TiSi2 when the 
reaction is solid state.  C40 TiSi2 was formed because of the extreme thermal non-
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equilibrium induced by laser annealing which leads to the predominance of the kinetic 
factors that favors its formation.  C49 TiSi2 can be formed at the melted region and the 
edges (i.e. not melted region) which shows that there are two different mechanisms for 
the metastable C49 phase formation. C49 phase that was formed in the region that is not 
melted was due mainly to the diffusion of Si atoms through the TiSi2 layer and react with 
Ti through a solid state reaction [16], whereas the C49 phase that was formed in the melt 
region is believed to be due to the nucleation selection rules as stated in the previous 
paragraph. Further investigations on the effect of C49 TiSi2 that forms from the melt on 
its transformation into C54 phase could be carried out. 
 
Figure 7.1 Computer simulated temperature evolution on Ti surface after laser 
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Figure 7.5 Schematic representation of the operation of competitive phase selection 
kinetics which favors the formation of a metastable phase C49 TiSi2 from the melt M at 
low temperature in spite of  (a) the thermodynamic stability of C54 TiSi2. (b) Shows the 
temperature range for faster nucleation of C49 phase while (c) shows the temperature 
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An interesting phenomenon was observed for the first time when the 350Å Ti/Si sample 
was irradiated by a Q-switched Nd:YAG laser with a repetition rate of 10kHz, a pulse 
width, τ, of 300 ns and a fluence of approximately 1.3 to 1.5 J/cm2. Under the optical 
microscope, it could be seen that the center region, which experienced the most intensity 
of the laser beam, showed sign of melting. However the region outside it showed no sign 
of melting. Raman spectra taken at the center region showed that only C49 TiSi2 was 
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present. Outside this center region, the dominant phase detected by micro-Raman spectra 
was C40 TiSi2. However, Raman spectra taken at region C, showed mainly the C49 phase 
of TiSi2. These results show that the formation of C40 TiSi2 is higher than C49 TiSi2 at 
the region that was not melted. However the melted region showed only  C49 TiSi2. A 
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The work presented in this thesis can be summarized as four major parts. After 
establishing the formation of C40 TiSi2 with the use of both Nd:YAG laser and Excimer 
laser, the first part (Chapter 4) focuses on the structural study of the refractory-metal free 
C40 TiSi2 with the use of GAXRD. The XRD pattern obtained for this pure C40 phase 
shows that it has a hexagonal structure with P6222 space group and lattice parameters 
a=0.467nm and c=0.622nm.  In addition, the C40 to C54 phase transformation upon 
further RTP annealing at different annealing temperatures have been studied by GAXRD 
and µ-Raman in detail. Both GAXRD and Raman study unambiguously demonstrate that 
C40 TiSi2 can directly transform to the C54 phase at 700oC which is about 150oC lower 
than the conventional method (i.e. C49 to C54 transformation requires a temperature of 
800-850oC [1-5]).     
 The second part (Chapter 5) studies the thickness effect of C40 TiSi2 on its 
transformation to the stable C54 TiSi2. Our experimental results show that a much thicker 
C40 layer will hinder the formation of C54 phase, and a very high annealing temperature 
of  around 1000 oC is required to partially transform the layer of C40 TiSi2 into the stable 
C54 TiSi2 whereas a thinner C40 layer can easily transform into the stable phase at a 
much lower temperature of 700 oC. 
 In the third part (Chapter 6), we use µ-Raman to confirm that C40 TiSi2 is acting 
as a template for the formation of C54 TiSi2 for any Ti/C40 TiSi2/Si samples. In chapter 5 
we have shown that the formation of C54 phase from C40 phase is strongly dependent on 
the thickness of the C40 layer. A thick C40 layer is undesirable because it requires a very 
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high temperature such as 900oC to partially transform the C40 layer into the C54 phase. 
But in this part we show that regardless of the C40 phase thickness, C54 phase will still 
be formed through a Ti capped layer. Even though the Ti layer on top of a thick C40 
phase interface could transform to the stable phase, it is an undesirable effect because the 
C40 phase at the interface will not completely transform to the stable C54 phase. Like 
C49 phase, C40 is also a high resistivity meta-stable silicide [6]. The transformation to 
C54 TiSi2 is essential for its application in IC industry. Incomplete conversion from C40 
to C54 phase will result in high sheet resistance. Hence the thickness of the C40 phase 
does play an important part in the transformation of C54 phase whether through a Ti 
capped layer or by itself. 
 In the last part (Chapter 7), an interesting phenomenon was observed for the first 
time when the 350Å Ti/Si sample was irradiated by a Q-switched Nd:YAG laser with a 
repetition rate of 10kHz, a pulse width, τ, of 300 ns and a fluence of approximately 1.3 to 
1.6 J/cm2. Under the optical microscope, it could be seen that the center region, which 
experienced the most intensity of the laser beam, showed sign of melting. However the 
region outside it showed no sign of melting. Raman spectra taken at the center region 
showed that only C49 TiSi2 was present. Outside this center region, the dominant phase 
detected by micro-Raman spectra was C40 TiSi2 and Raman spectra taken at region C, 
showed mainly the C49 phase of TiSi2. These results show that the formation of C49 
TiSi2 can take place at two different conditions and the formation temperature of C40 
TiSi2 is higher than C49 TiSi2 at the region that was not melted. A nucleation rate 
relationship was depicted to illustrate the role of kinetics in the above phase selection. 
Though there is no practical application for this discovery, it has given us a better 
understanding of the principles governing the formation of TiSi2. 
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8.2 Future work  
It is well known that the transformation of C49 TiSi2 to C54 TiSi2 is line-width 
dependent. However, the C40 to C54 transformation is assumed to be line-width 
independent. This assumption has not been proven by any group yet. Hence a study of 
C40 to C54 transformation could be done on narrow polysilicon lines with a line-width 
0.1 µm. If the C40 phase on the 0.1 µm polysilicon line could transform into C54 phase 
at a second RTP of 700 oC, it can then be proven that C40 to C54 is line-width 
independent.  
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